Survival rates are crucial demographic parameters for modelling the population dynamics of the Cape Griffon vulture. Previous survival estimates based on ring recoveries are seriously flawed and have been heavily criticized. To provide better estimates, 97 nestlings were individually colour-ringed in the winterrainfall region of South Africa from 1979 to 1987 and an intensive resighting campaign was mounted for 17.5 years (1980 to mid-1997). Although survival rate is known to vary with age, particularly in the first few years of life, this study indicates that it is also a function of calendar year. Supplementary food was provided for the study population from 1984 onwards and there was a concomitant increase in the survival
T he Cape Griffon is one of the largest vultures in southern Africa and is widely distributed across the subcontinent) There are approximately 4400 breeding pairs in a population of about 12 000 individuals.2 Birds take about six years to reach their final adult plumage3 and few individuals breed before then. Pairs do not breed every year and when they do they produce at most one large fledgling (twins are very rare). They can occasionally re-lay if the breeding attempt fails early in the season range.' The Cape Griffon has been the subject of much research and conservation concern over the last 25 years as the population is thought to be in decline. 2 The Vulture Study Group devised a seven-point plan for the conservation of the Cape Griffon based on the integrated management strategy devised by Plunkett 4 which includes population modelling and population monitoring.' To construct a simple demographic model it is necessary to have estimates of the population size, age-structure and rates at which new individuals are added to the population (i.e. births and immigration) and lost from the population (i.e. deaths and emigration).5
Reasonable estimates of fecundity have been produced. 2 However, difficulties were experienced in providing accurate estimates of the survival rate;" the overall aim of this paper is to make good that deficit.
Analysis of ring recoveries is not an appropriate technique for estimating the survival rate of this species. 2, 8 An alternative to estimating survival from ring recoveries is to use resightings of uniquely colour-ringed birds; in this way survival may be monitored directly, provided all emigration is permanent. If all surviving birds are seen and uniquely identified then it is not necessary to use the CormackJolly-Seber (CJS) models. Observations of colour-ringed Cape Griffons in the winterrainfall region of South Africa were used to estimate survival rates. This deme (i.e. isolated population) is particularly suitable for such an analysis for the following reasons. 1 The population is functionally isolated from the rest of the Cape Griffon population in southern Africa, i.e. there is almost no immigration into, or emigration from, the region; the deme may be assumed to be closed. 2, " 2 The population is small (< 90 individuals), has been declining very slowly (about 1% per annum) over the last 40 years and although it is not exactly constant, it is almost so, especially from the mid-1970s. 2,10-12 3 Good observations of marked birds have been made at the colonies and roosts in the region from the early 1950s.
A crude population model based on the early estimates of survival showed that the overall growth rate of the population was sensitive to the survival of birds in their first year. Consequently, a trial feeding programme was introduced in 1983 and was fully operational by early 1984. It was designed to provide food to assist first-year birds through their initial year as free-flying individuals, independent of their parents.'" Large nestlings were ringed each year just prior to fledging. We investigated four factors that could influence their subsequent survival from one year to the next.
1 Age. Many large birds take a number of years to reach adult plumage and their survival rate increases with age. In particular, this has been shown for the congeneric Eurasian Griffon Gyps f. fulvus. 13 2 Calendar year. Many studies of birds have shown that survival varies from one calendar year to the next."
3 Cohort. While we have no direct evidence that the nestlings ringed in a particular year are prone to suffer higher or lower mortality than those ringed in other years, we tested for this factor in our models. 4 Supplementary feeding. We suspect that the survival of fledglings is lower in this deme than elsewhere in the population and that the provision of supplementary food will increase it. The population is effectively closed (see above) and consequently juveniles seldom escape from the realm dominated by the adults, and lose out in competition for the available food. Older birds are dominant over younger birds at carcasses and, in a region where vultures feed on small carcasses (i.e. domestic sheep), the subordinate birds are less likely to be able to find a mea1. 15 Cape Griffon parents will not feed their young unless they are on the nest and will never feed them after the start of the next breeding season. ' There are two different ways in which these resighting data may be modelled in order to estimate survival: a Cormack-Jolly-Seber (cis) model or a generalized linear model (cLm). 1 " We chose to use the latter as we did not have access to software or expertise but were able to formulate a GLM, which is functionally equivalent. 16 In using resighting data in our cLm, we assume that there are no losses (other than to death) from the colour-ringed population and that if a bird survives to the end of a calendar year it will be seen in a subsequent year. (This is equivalent to assuming that the resighting probability is unity.) There are two potential sources of apparent loss: permanent emigration and the loss of colour-rings. Both these effects will cause our estimates to be negatively biased as will a resighting probability of less than unity.
This paper estimates the survival rates of various segments of the population and determines whether first-year survival increased after supplementary food was supplied.
METHODS

Study area
Cape Griffon nestlings were ringed at two colonies in the Western Cape Province of South Africa, Potberg (34°22'S, 20°33'E) and Aasvogelvlei (33°52'S, 21°38'E), which are about 120 km apart. The Potberg colony" is just northeast of Cape Agulhas, the southernmost point on the African continent.
Field methods
From 1952 to 1973 only a standard numbered monel ring was fitted to each nestling, but from 1974 until 1988 nearly all the nestlings were also fitted with a unique permutation of colour rings. Only ringing data from 1979 to 1987 and resighting data from the start of 1980 to mid-1997 are used. While irregular observations of colourringed birds were made from 1974 onwards, consistent and regular observations were made at the main breeding sites, roosts and at carcasses from 1980, when a study of breeding biology commenced. 17 Members of the Provincial Nature Conservation Agency continued observations of the vultures when this study ended. After a conservation plan was drawn up, 1° regular observations were made part of the work-plan of the local conservation staff.
A summary of the years in which each colour-ringed bird was ringed and last seen was compiled for the period 1979 to mid-1997. From this summary, an abstract was constructed giving the number of birds, in each age-class, alive at the start of each calendar year as well as the number which survived until the start of the next calendar year.
Models
The nestlings are ringed in about October, make their first flight in about November or December and fledge in January of the next year.I 7 Thus each age-class and cohort corresponds to a calendar year. Let S,1" be the probability that an individual aged i -1 years at the start of the jth calendar year and in the kth cohort will survive until the start of the next calendar year when it will be i years old. Let there be Ng), individuals, aged i -1 years alive at the start of the year of which n,ik survive to be alive exactly a year later. If it is assumed that all individuals have the same survival rate, then the appropriate probability distribution is the binomial. '9 The survival rate may be estimated using a GuA. The response variable is modelled with binomial errors and a logit link function.' 9 The logit transform for a binomial response is as shown below.
where F, is age-specific factor for the ith age class, G, is year-specific factor for the jth year class, H" is cohort-specific factor for the kth cohort and SF is the effect of supplementary feeding on first-year survival. The reverse transformation is: Thus the values of the response variable are calculated for the numbers alive at the start and end of each year for each cohort (i.e. one value for each row of Appendix 1). This simple approach, compared with the more complex formulation of Cormack," is only possible because we were able to assume that the resighting probability was unity.
All modelling was performed with GENSTAT 5 Release 321) using the MODEL and FIT directives. The estimates and statistics listed below were provided. Age-specific survival: models 2 and 3
If it is assumed that the survival rate is a function of age only, then it is possible to fit a model with 12 age-classes; this yields a model which is an improvement on fitting just a constant (model 2, Table 1 ). By reducing the number of age-classes from 12 to four there is no appreciable change in the AIC. This suggests that model 2 with 12 age-classes has too many parameters; four will do just as well (models 2 and 3, Table  1 ). The number of outliers stays the same but the number of influential points rises from nil to ten (Table 1 ).
Cohort-specific survival
A number of models were tested and it was found that no one cohort, or selection of cohorts, reduced the AIC (results not shown). 
Effect of supplementary feeding: model 4
The effect of supplementary feeding on the survival of birds in their first year was tested by splitting the first-year birds into two groups: those ringed prior to 1984 and those ringed from 1984 onwards (model 4, Table 1 ). This model shows a lower AIC value, indicating that supplementary feeding did make a difference. The fit of the model is excellent, but there are three outliers and ten influential points (model 4, Table 1 ). The three outliers relate to three cohorts (1984, 1986 and 1987) which all died out faster than expected (in 1989, 1991 and 1991 respectively; Table 3 Estimates of the age-specific survival rates as a function of supplementary feeding were computed using the inverse transform (Table 2) .
Calendar years: models 5 and 6
To test the effects of calendar years, a series of models was constructed by adding calendar years to model 4. Calendar years were added one at a time, two at a time, three at a time etc. and the resulting models evaluated. The best model had five calendar years and had the lowest AIC of all models, with one outlier and six influential points (model 5, Table 1 ). However, two of the calendar years in the model (1991 and 1994) were based on very few birds at risk (Table 3 ) and the associated parameter estimates were thus very sensitive to small variations in the data. Thus these two years were removed. This left a model with three calendar years (1986, 1987 and 1989) . The fit of the model is excellent, with three outliers and nine influential points (model 6, Table 1 ). The three outliers are exactly the same as for model 4. However, only four of the first-year age classes are influential points, compared with eight for model 4, but they are the larger samples. There are three influential points each for 1986 and 1987; these are the largest samples in each year and relate to two of the three temporal variables in model 6 ( Table 3) Estimates for the age-specific survival rates as a function of supplementary feeding and calendar year were computed using the inverse transform (Table 2) .
A comparison of the expected values for models 4 and 6 revealed 19 points, about a third of the data values, for which the difference is greater than 0.3 (an arbitrary measure of a 'real difference'). The expected values from model 4 are bigger than the corresponding values from model 6 for 1986 and 1987, as would be expected from the large negative effect both these years have in the model.
DISCUSSION
Using resightings of colour-ringed birds we were able to produce usable estimates of survival rates, at least for the first three ageclasses. The survival rate of first-year birds showed a statistically significant increase from 42% to 69% after the introduction of supplementary feeding ( Table 2) .
The earliest estimates of survival of the Cape Griffon, in fact of any vulture of the genus Gyps,
were computed by Houston 21 who provided two values: 55 ± 16% and 44 ± 5.6% depending on whether the population was assumed to be open or closed. These estimates were criticized& as being far too low and for making the unwar-ranted assumption that survival is constant across all age-classes. Our estimate of constant survival rate (model 1, Table 1 ) is 68.8%, which is 25% higher than that of Houston.21 Using a much larger data set of ring-recoveries than that used by Houston, 2 I Piper et al. 6 estimated survival rates at 17%, 61%, 74% for the first three age-classes. It was shown subsequently that the reporting rate varied among the age-classes and that the methods of analysis were flawed, leading in turn to an underestimate of survival for the first age-class. If we ignore the effects of supplementary feeding, our estimates for the first three age-classes are 55%, 89% and 79%, respectively (model 3, Table 1 ), markedly higher than the previous ones. In a parallel study of the Eurasian Griffon Gyps f fulvus in France, 13 the estimated survival rate of age-classes one to three was 85.8% (76-92%), which is higher than our average of 74%. However, they studied a newly introduced population that was provided with supplementary food, is estimated to have three times more food than necessary and is growing.
The estimates produced here (Table 2 ) have greater reliability than those based on an analysis of ring-recovery data for the following reasons. 1 The data used to estimate survival come from resightings only, no data from recaptures or recoveries are used. This removed the very many biases associated with trap-shy / traphappy birds and with the process of reporting dead birds. 8 We believe that all the marked birds in the deme were seen every year, and hence there was no variation in re-encounter rates to contend with (cf Sarrazin et al.' who had to model the resighting rate which was less than complete in some years). 2 Continuous monitoring of all known-aged birds on a yearly basis means that it is possible to separate out many age-specific, cohortspecific, calendar-year-specific and other competing causes of variation in survival. However, the data matrix has only 75 cells (Appendix) which limits the maximum degrees of freedom the model may possess.
While the use of resightings of colour-ringed birds has advantages the following practical issues have to be taken into account. 1 The process of observing colour-ringed birds is time-consuming and expensive. It is possible to sit in a hide and watch a carcass for two or more days without a single bird coming down to feed and then, when they do, the action is so fast and furious that many colour-ring sets are not observed in their entirety. The observations need to be undertaken throughout the geographical range occupied by the deme sufficiently often during the year to be certain that all the living, marked birds are seen. 2 As the study progressed, it became clear that birds were losing colour-rings. In some cases, even with the loss of one or two rings, it was still possible to infer the exact identity and age of an individual by making use of additional cues such as plumage. In some cases it was not possible to be certain of a bird's identity but it was possible to allocate it to a particular cohort. In both such cases it was still possible to include the bird in the analyses. However, there are now birds in this deme with partial colour-ring sets. Although these birds are still alive they are treated as lost to the estimation process. 3 We have no way of knowing how many birds are still alive but living outside the deme; these are treated as lost in the survival-estimation process.
Thus birds can be lost from our enumeration process in three ways: death, permanent emigration and colour-ring loss. The consequence of this is that our estimates of survival rate are negatively biased. However, birds lost from a deme through permanent emigration are both a demographic and genetic loss because they no longer contribute to the future of the deme. Thus our estimate of survival is biased numerically but not in terms of its biological consequences. Because ring-loss is a cumulative process, the negative bias in our estimates increases with the birds' age. We suggest that the decreasing estimates of survival with age from the third age-class onwards ( Table 2) are artefacts of progressive ring-loss. Hence we did not attempt to provide estimates of the survival rates of adult birds.
In formulating this model we have assumed that the resighting probability is unity or, more specifically, if a bird survives to the end of a calendar year then it will be seen at least once in some subsequent year (which is a slightly weaker assumption). If this is not true then our estimates will be negatively biased, with this bias acting in the same direction as the biases due to ring loss and permanent emigration. In a parallel situation, Cormack 16 opined Although a constant capture probability is equally unbelievable, its assumption can increase the precision of survival estimates, at the cost of increasing bias if the assumption is false.' All the biases in our estimates are in the same direction and so we can conclude that our estimates are minimum values. However, we are not sure of the effects that the violation of the assumption that all live birds are resighted will have on the variance estimates.
In formulating this model, we have assumed that there are no long-term trends in survival and that it is only for the years 1986, 1987 and 1989 that survival rates are lower. We can offer no explanation as to why these were years of lower survival for the vultures. We have not tested for interaction effects between the explanatory variables as the sample sizes are too small and there are no replicates.
The resighting of colour-ringed birds is the only viable way to collect data from which to estimate survival in such a large, free-flying bird. During the entire time that this colony has been studied (1952-97) only a handful of birds have been captured as free-flying birds and even fewer have been recovered. Hence, recaptures and recoveries are likely to contribute very little information.
The estimates derived from the models in this study have indicated the potential value of a supplementary feeding programme in the conservation of this threatened species. This aspect will be dealt with in a separate paper.
